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KELATION BETWEEN THE DEVELOPMENT OF EOOT SYSTEM
AND SHOOT UNDEE LONG-AND SHORT-DAY
ILLUMINATION
J.

E.

Weaver

and

W . J.

Himmel

(with seven figures)
Relatively few investigations have been made to determine the factors
which affect the relation of the growth of roots to tops. A more exact
knowledgeof the relationsbetweenaerial and subterraneanplant parts and
the degree to which these may be modifiedthrough cultural practices is of
great scientific and practical importance. Extensive investigations have
shown that plants exhibit marked specific and varietal differences with
respect to relative developmentof roots when grown under the same environmental conditions. Intensive studies on the growth of wheat by
Weaver, Kramer, and Reed (20) and of certain other plants by Crist
and Stout (3) have also made clear that there is a persistent tendency
towards a positive correlation between roots and shoots, increase in size
of tops being accompaniedby increase in size of roots. Although significant variations in the relative distribution of the growth rate of tops and
roots occur in nature and may readily be induced by change in environment, the fact remains that there is a persistent positive correlationin size
of tops and roots regardless of the wide variations induced by special
conditions.
The maintenanceof a proper balance between root and shoot is of very
great importance. If either is too limited or too great in extent, the other
will not thrive. The root system must be sufficientlywidespreadto absorb
enough water and nutrients for the stem and leaves, which, in turn, must
manufacturesufficientfood for the maintenanceof the root system. The
plant is a biologicalunit although it is frequently not treated as such. It
is often mutilated by pruning, cutting or injuring the root system, frequently without much regard to the effect upon the remainingportion.
Jean and Weaver (7), Harris (6), and others have shown that the
general effect of decreasedwater content of soil, providing enough is available to promote moderate growth, is to accelerate root development in
relation to growth of tops. Low humidity resulting in high transpiration
gives similar effects. Maximow and Lebedincev (13), Maximow et al
(14), and Turner (18), have found that plants grown in shade have a less
extensive root system and a greater ratio of dry weight of tops to roots.
Moeller (15), Gericke (5), and Livingston (9) have shown that in sterile
soils or in dilute nutrient solutions, roots develop extensively in relation to
435
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tops and the ratio of dry weight of tops to roots is greatly decreased. Conversely, a generally enriched soil or one with an abundanceof nitrates increases the ratio of tops to roots (6, 18, 3). Chandler (2), for example,
fonnd that " while the nitrate has increasedboth top and root growth, it has
not increased root growth to as large an extent as it has increased top
growth. Thus, while the top growth of fertilized trees [peaches] is twice as
great as that of the unfertilized trees, the root growth is only 50 per cent,
greater." As pointed out by Turner (18), the decreasedroot growth in
the presence of an abundanceof nitrogen may result from a low supply of
carbohydrates. As regards the roots of seedlings, it has been shown that
their developmentis greatly influenced by the nature of the reserve food
supply in the seed. The more nitrogen a seed contains, the greater is its
shoot growth as comparedto roots. Reid (17) has shown that an abundance of carbohydrate foods and a somewhat limited nitrogen supply
promote rapid root development.
Cultural practices such as pruning the tops, etc., may affect the normal
correlation between the development of root and stem in a very definite
manner. Austin (1), for example, reports experiments with 3-year-old
almond trees where the developmentof both the tops and root systems was
inversely proportionalto the severity of the pruning of tops. The spread
of the roots was over one-third greater where the pruning was light than
where it was severe.
The preceding data are sufficient to indicate that a plant is a very
plastic organism and that any factor that influences the development of
either root or shoot may also profoundly affect the other. The extensive
researchesof Garner and Allard, which have since been supplementedby
those of several other investigators, show clearly the profound effect that
the period of daily illuminationexerts upon the vegetative and reproductive
activities of plants. However, so far as the writers are aware, relatively
little attention has been given to the effect upon the root systems. Garner
and Allard (4) state that "preliminary observationsindicate that the
duration of the daily illumination period may exert a markedeffect on the
relative developmentof the root and the aerial portions of the plant. For
example, a cutting of Biloxi soybeans made no top growth at all through
the winter months and the original leaves assumed a very dark color and
generally unthrifty appearance. Apparently new buds were unable to
develop. Upon examination of the underground portion of the plant in
the spring it was seen that the soil containeda large mass of roots altogether
out of proportionto the top of the plant, as judged by the usual summer
growth. Other similar cases have been observedin which a light duration
unfavorable to aerial development has caused extensive root growth.
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Growth of root and shoot, therefore, are not necessarily contemporaneous
with respect to season, and arrested developmentof the exposed portion of
the plant caused by suboptimallight duration need not be accompaniedby
checking of root growth.'7
Under periods of illumination varying from 5 to 24 hours duration,
Pfeiffer (16) found that the amount of developmentin the fibrous root
systems of tomato and buckwheatappearedroughly comparablewith that
of the aerial parts of the sameplants.
Johansson (8) showedthat root development,in proportionto the total
weight of the plant, increased with an increase in light intensity. For
intensities of 39 and 70 per cent, there is a falling off in the rate of increase, in proportion to total weight, at 10 or more hours daily illumination and for an intensity of 23 per cent, a decreasebegins at 12 hours daily
illumination.
Lubimenko and Szeglova (12) found that the weight of the roots increased in proportionto the weight of the whole plant as the length of the
daylight periods became progressivelylonger.
Crist and Stout (3) grew plants in 6-inch pots at East Lansing,
Michigan. They found in the case of lettuce and radish that shortened
periods of illumination (6 hours daily) gave a greater ratio of tops to roots,
based on dry weight, than either the normal length of day in cloudy
weather of winter or one prolonged6 hours by means of artificial illumination. Moreover,the plants grown under the longest period of illumination
had the lowest top-root ratios while the short-day plants had the lowest
actual weight of both tops and roots.
Undoubtedly the most significant criterion for judging the efficiency
of root developmentis measurementof the actual absorbingsurface. Because of the great difficultiesof procedurethis has been accomplishedonly
in a few instances (20, 19). The method of determiningdry weights has
a twofold handicap. Where roots are grown in the soil it is practically
impossible to free them completely from adhering rock particles without
losing someof the roots. But a much more serious objectionis encountered
in the fact that this method when applied to maturing plants gives little
idea of root efficiency. The woody tissues of a single main root that had
ceased functioning often far outweighs an extensive network of actively
absorbingrootlets. Consequently,it was deemedbest in these experiments
to use containerssufficientlylarge to hold a mass of soil in wThich
the roots
could develop in a somewhat natural manner. By accurately measuring
and comparingroot lengths and diameters,and the number, size, and degree of branching,a close approximationto the relative root development
of plants grown under different conditions was obtained. To check out
variationswithin the individual, several plants of each species were grown.
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Procedure
In these experiments,the following plants were employed: red clover
(Trifolium pratense), white icicle radish (Baphanus sativus), an iris
(Iris germanica), common sunflower (Helianthus annuus), yellow duke
dahlia (Dahlia pinnata), great ragweed (Ambrosiatrifida), white Kherson
oats (Avena sativa), and an early flowering cosmos (Cosmos bipinnatus).
These were grown in heavy galvanized containers, 30 cm. square and 60
cm. deep, into the top of each of which was inserted a tight wooden frame
in such a manner that the soil depth was increased 20 cm. The crevices
were luted with plasticine. The containers were filled with a rich loam
soil of optimum and uniform water content, which was well screened and
exceptionallyfree from partially decayedroots or other debris. The waterholding capacity of the soil was about 50 per cent. (Hilgard method) and
the hygroscopiccoefficient8.2. In filling the containers,the soil was moderately compacted,and the original water contentwas maintainedby adding
water from time to time in sufficientamountsto restore the original weight.
Two containers were used for each species.
The ragweeds were transplanted from the field in the early seedling
stage without injury to the root system. Iris was propagatedby rhizomes
1 to 1.5 inches long, carefully selected for uniformity in size, the leafy tops
being cut back to within 4 inches of the rhizome. The dahlias were grown
from uniformly selected fleshy roots, and all of the other species from seed.
After sowing or transplanting,the soil was coveredwith a fine gravel mulch
to retard surface evaporation. The dahlias were planted on May 3, cosmos
and clover on May 5, iris on May 8, and the others on May 16. On May 20,
one containerof each specieswas placed on an improvisedtruck so arranged
that they could be placed alongside of the other containersfrom 9 :00 A. M.
until 4:00 P.M. each day and kept in an adjacent, well ventilated dark
room the rest of the time. Thus, one-half of the plants were subjected to
a short day of 7 hours' duration, and the rest to the normal 13- to 15-hour
day during May and June.
Results
Red clover
The 20 clover seedlings in each container had developed only a single
leaf per plant when the differencein length of day was imposedupon them.
Within a week the long-day plants had twice the stature of those of the
short-day and thereafter differentiationwas marked. On June 19, when
the containers were opened and the roots excavated, the long-day plants
were 28.4 cm. high and in full bloombut the paler coloredshort-dayplants
were only 9.8 cm. tall (fig. 1). Leaflets of the short-day plants averaged
1.75 by 2 cm.; those of the long-day 2.5 by 3.5 cm. The larger plants had
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Fig. 1. Long-day and short-day plants of red clover 7-weeks old. The long-day plants
are in blossom.

25 leaves each, the smaller ones only 12. The result of this differencein
photosyntheticsurface was clearly shown in the dry weight of tops which
was 34.1 and 4.1 grams for the two lots respectively.
Red clover develops a strong taproot from which major laterals arise
mostly in the surface 15 cm. of soil. These extend outward more or less
horizontallyor obliquelyand then turn downwardand penetratedeeply. At
greater depths the primarylaterals are smaller and do not spread widely.
The taproots on the short-day plants were only 1.5 mm. thick as compared with 4 mm. for those on the long-day plants. All but one, which
barely reachedthe bottomof the container,ended at 62 cm. or above,while
all those of the larger plants extended to and ran along the bottom of the
container. The number of major laterals on the proximal 15 cm. of taproot was 3 to 5 per plant, and the total number of laterals was about 40
in both cases. On the short-day plants, however, very few of these extended belowthe 25 cm. level, a maximumdepth of 45 cm. being determined.
But those of the other group were as large as the taproots of the smaller
plants and most of them extended much deeper, often running along the
bottom of the container. The long-day plants alone had root branches of
the third order. Below 15 cm. depth, laterals on the short-day taproots
were mostly 1 cm. or less in length while both the main roots and primary
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Fig. 2. Relative developmentof root systems of red clover under 15-hours (left) and 7hours daily illumination.

branches of the long-day plants had developed many rootlets 5 to 10 cm.
long and somereacheda length of 36 cm. and extendedto the bottom of the
container. In fact, the surface 15 cm. of soil of the short-day container
was much more poorly ramifiedwith roots than the last 15 cm. of the other
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container. Thus while the general plan of the root systems was the same
in both cases, roots of the short-dayplants, where growth of tops had been
inhibited, represented a much earlier stage in developmentthan those of
the well developedplants in blossom (fig. 2).
Radish
The radishes were in the cotyledon stage when placed under the two
conditions. Within a single week the larger leaves and darker green color
of the long-day plants were very noticeable and when the roots were examined at the end of a month marked differenceswere apparent (fig. 3).
Although each of the ten plants possessedthe same numberof leaves, those
of the long-day averagedjust three times as large (1,365 sq. cm.) as those
of the short-day plants.

Fig. 3. Average development of tops and fleshy portion of roots of long-day (right)
and short-dayplants of radish.

The radish is characterizedby a rapidly growing and deeply penetrating taproot. Strong, profusely branched laterals arise in the surface
7.5 to 20 cm. of soil and constitute the major portion of the absorbing
system, since at greater depths the taproot develops only short laterals.
The taproots of the smaller plants (fig. 3) were 20 to 75 cm. long, those
of the larger ones reached greater depths and extended 10 to 15 cm. along
the bottom of the container. The thread-likelateral roots and their almost
cobwebbynetwork of branches were of nearly equal abundance in both
containers in the first 20 cm. of soil. But in the next 25-cm. layer this
network of branches continued in the long-day plants while in the others
it was absent and there were few branches except very close to the taproot. At 40 cm. depth, branches from the taproots averaged somewhat
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Fig. 4. Relative development of iris under long-day (lett) and short-day illumination.
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more than twice as long on the larger plants. Even the last 30-cm.layer
of soil was penetrated at distant intervals by the vertical ends of these
thread-likesurface roots.
The fleshy portion of the short-dayroot system averaged6 cm. long and
1.7 cm. in diameter; its volume was 58 cc. That of the larger plants was
12 cm. long and 2.7 cm. thick, and the volume223 cc. Thus the root system
of the long-dayplants was fully twice as well developedas that of the shortday plants.
Iris
The five rhizomes of iris placed in each of the two containers showed
little differentiationof tops until near the time of root excavationon June
19. The average length of leaves of the long-day plants scarcely exceeded
that of the short-daybut the new leaves were 18 per cent, more abundant.
They also averaged about 7 cm. longer and 0.4 cm. wider. The total dry
weight of leaves was 2.7 times as great in the long-day plants.
The root system of the iris was very simple. It consisted merely of a
few large roots which penetratedrather vertically downwardand branched
but sparingly. The length and diameter of these roots were carefully
measuredas they were excavated and counts of the number and measurements of the lengths of the brancheswere made. On the short-dayplants
the averagenumberof main roots per rhizomewas 6 ; on the long-dayplants
9.2. The former were 1 to 2 mm. in diameter, the latter 1.5 to 3. The
average lengths were 13.1 and 22.3 cm. respectively, and the maximum
depth of penetration,in the same sequence, 30 and 58 cm. In the shortday container,roots were sparse below 20 cm.; the soil was well filled with
roots of the long-day plants to 32 cm. in depth. The younger and shorter
roots were unbranched. Primary laterals became more abundant and developed longer branches as the main roots grew longer. Hence, this portion of the absorbingsystem was much more fully developedin the long-day
plants. For example, at 28 cm. depth short-day plants gave off branches
only 1 to 4 cm. long, while 12 cm. deeper the larger plants had rootlets 4
to 9 cm. in length which were occasionallyrebranched(fig. 4).
Sunflower
Under the long-day illumination the sunflowerrapidly developed from
the cotyledon stage. The short-day plants were yellowish green and distinctly retarded in their development. They were not attenuated. When
the roots were examined on June 17, the long-day plants had a height of
74 cm. and a stem diameter of 15 mm. Each possessed16 leaves and the
average leaf area was 1,924 sq. cm. (fig. 5). The smaller plants were 19
cm. tall and the stems 5 mm. thick. There were only 11 leaves per plant
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and the average photosyntheticarea was only 14 per cent, as great (270
sq. cm.).
The sunflowerhas a pronouncedtaproot with numerous strong lateral
branches originating almost entirely in the first few inches of soil. The
taproots of the short-day plants were 2 mm. in diameter at a depth of 4
cm.; those of the long-day plants were 12 mm. in diameter. The former

Fig. 5. Long-day and short-day plants of dahlia and sunflowerabout 6 weeks old. The
larger plants grew under a long-day illumination. The
containers are 80 cm. deep.

taperedto a width of only 1 mm. at 15 cm. depth but extendedto the bottom
of the container. Those of the long-day plants were 2 mm. thick at the 15
cm. level and 1 mm. in diameterwhere they grew along the bottom of the
container. The largest branches of the short-day plants were 1 mm. or
less in diameterand reacheda depth of only 28 cm. Those of the long-day
plants were 3 mm. thick, they were much more abundant,and some reached
the bottomof the containerwhich was coveredwith a fairly dense network
of roots consisting of taproots and the long surface laterals, and the
branchesof both lots.
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The workinglevel of the primary branches (i.e. the depth to which most
of the roots extended and to which depth maximumabsorptionoccurred)
was 15 cm. in the short-day plants, but 45 cm. in the others. The great
mass of roots at the workinglevel of the long-dayplants, togetherwith their
greater diametersand longer and thicker branches,was in markedcontrast
to that of the short-day plants. The lateral roots originating below 20
cm. depth were 12 cm. or less in length in the smaller plants; on the larger
ones, the secondaryrootlets on the bottom of the containerwere of similar
length and development. Below the working level, lateral roots were
sparse in the short-day container; there was practically none beyond 55
cm. depth. In the long-day container they were more abundant and of
larger diameterthan were those of the short-dayplants between 15 and 55
cm. depth. Even the last 15 cm. of soil containednumerousrootlets.
Thus the root developmentof the short-daysunflowerscorrespondedin
every way with that of very much younger plants than those of the longday which had made a normal development.
Dahlia
The dahlias were about 5 inches tall and were developinga second pair
of leaves when the one lot was subjectedto the short-day. The two plants
of each culture developedleaves at about the same rate but by the end of
15 days the long-day plants were twice as tall and the leaves of a darker
green color. When taken off on June 17, the average length of stems was
71 and 26 cm. respectively and the diameterof the stems was almost twice
as great in the taller plants. The larger plants had begun to branch and
now had more and much larger leaves. The average relative leaf areas
were 2,310 and 885 sq. cm. respectively (fig. 5).
The root system of the dahlia consistedof a numberof main fibrousroots
that arose from the base of the tuberousroot. Some of these ran outward
and upward, branchingprofusely to near the soil surface; and still others
ran vertically downward. In addition, a few fibrous roots arose from the
top of the tuberous root.
The number of roots arising from the base of the old, fleshy root was
the same in both lots, varying individually from 10 to 39. They were
better developedin the long-day plants where the largest roots were twice
as thick, and the branches more numerous, larger, and longer. "Witha
single exception, no roots occurred below 60 cm. on the short-day plants
and the working level was 23 cm. The long-day plants extended their
roots in considerablenumbersquite to the bottom and sometimesalong the
floor of the container. The working level was nearly three times as great
as that of the short-day lot and roots were much more abundant even in
the deepest soil than below the 23 cm. level of the short-dayplants. More-
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over, the network of roots that extended above the bases of the tuberous
roots was very much more pronouncedin the soil of the long-day plants.
Here also this networkwas found to continue to the working level at about
60 cm.
A lot of tuberousroots had developedfrom the base of the stems above
the original propagule together with a few much-branchedfibrous roots.
The average number (35) was only slightly greater in the long-day plants
where the fleshy roots were long and spindling (8.7 x 0.5 cm.) than in those
of the short-day which were short and thick (5.4x1.6 cm.). The total
volume of the latter (68 cc.) was over 2.5 times that of the long-day plants.
While nearly all of the thickenedbut spindling roots ended without branching, the fleshy root continuationsof the short, thick ones were branched,
the laterals penetratingwidely, and often to the working level.
Zimmermanand Hitchcock (21) have shown that in certain varieties
of dahlia, length of day determines the type of root system formed by
cuttings. Heavy root storage is correlatedwith a short day and a fibrous
root system with a long one.
Ragweed
The ragweeds had a second pair of leaves at the beginning of the experiment. Within a week the long-day plants were twice as tall as those
of the short-day,and, as in all other cases, the latter lacked the deep, darkgreen color of the long-day lot. By June 27 when the experiment was
concluded,the four long-day plants had made a vigorous vegetative growth
and attained a height of 90 cm. but showed no signs of flowering. Those
of the short-daywere only 12 cm. tall and small inflorescenceswere beginning to appear. Average stem diameters were 10.6 and 4.1 mm. The
leaves had three times the length and breadth in the larger plants and the
dry weight of tops was 7.6 times greater in the long-day plants (fig. 6).
The root systems of the ragweeds showed almost as marked differences
as the tops, those of the short-dayplants being very poorly developed. The
strong taproots of the larger plants were about 13 mm. in diameter; those
of the smaller ones did not exceed 3.5 mm. Although the thread-liketaproots of the latter extended to the bottom of the container and often ran
5 to 10 cm. along the bottom, they were poorly developedin comparisonto
the vigorous taproots of the larger plants, which undoubtedly would have
extended two or three feet deeper.
Like the sunflower,this species gives rise to strong laterals in the surface
15 cm. of soil. In fact, these are so vigorous that they often equal the taproot in size and degree of branching. On the long-day plants they were
frequently 4 mm. in diameter at their origin and many of them extended
along the bottom of the container. In fact, they were larger throughout
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Fig. 6. Development of great ragweed at the end of six weeks. The tall plants have
had daily about 15 hours of light.

than the taprootsof the short-dayplants. Majorbranchesof the short-day
plants were only one-fourth as large, being mere threads which did not
extend beyond 40 to 60 cm. in depth. Laterals, however,were fairly profuse but mostly short and only occasionallyof the third order. Laterals
on the major branches of the long-day plants were very much more
abundant,several times as long, and often rebranchedto the fourth order.
Even in the center of the container,the secondarybrancheswere as large
as any of the primary branches of the taproots of the short-day plants.
Smaller branches from the two lots of taproots varied in about the same
proportionas those described.
Only in the surface 15 cm. of soil in the short-daycontainerswere roots
fairly niimerous; at greater depths they were sparse, consisting of the
thread-like taproots and their short, scattered branches. Conversely, al-
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most every cubic centimeterof the entire soil of the long-day containerwas
thoroughly ramified with roots, those in the upper half being especially
dense, although great mats of roots also occupiedthe bottom layers of soil.
Oats
Because of an accident to one of the containers, it was necessary to
replant the oats on June 3. After it was well established,the plants were
thinned to 35 per container. Final measurementswere made on July 19.
The short-day plants were 32 cm. tall and in the fifth-leaf stage, the longday plants were 53 cm. high, each had 6 or 7 leaves and on some the panicles were beginning to appear. The dry weight of tops was 4.4 and 11.4
grams respectively.
Oats develops a fine, fibrous root system. The primary root system
consists (usually) of the three seminal roots (i.e. the primary root and two
almost equally large laterals) and their branches. The secondary root
system, which develops later and constitutes the larger part of the root
mass, consists of numerousadventitious roots that develop from the lower
nodes of the stem.
Among the short-day plants only a few roots of the primary system
extended to the bottom of the container but practically all of those of the
long-day not only reached this depth but also ran 10 to 15 cm. along the
floor of the container. The latter were also much moreprofusely furnished
with longer branches. Roots of the secondary system did not penetrate
beyond 13 cm. in the short-daycontainer,but they reachedtwice this depth
on the long-day plants. Moreover,actual count showed that they were
about 4 times as numerousand their brancheswere longer and well clothed
with laterals. Thus the roots of the short-dayoats correspondedto a much
earlier stage of developmentthan that shown by the long-day plants.
Cosmos
One lot of cosmos was placed under short-day illumination upon the
appearance of the first leaves. Paler color and retarded growth were
clearly evident a week later and by June 27 when the short-dayplants were
in full bloom, differencesin vegetative growth were marked (fig. 7). The
seven short-day plants averaged 35 cm. tall, with a stem diameter of only
2.5 mm. The other seven were 50 cm. high and the stems were 6 mm.
thick. The dry weight of the stems, in the same sequence,was 1.4 and 10.0
grams, and that of the leaves 0.6 and 9.6 grams.
Cosmoshas a taproot which penetrates deeply, and develops numerous
strong laterals in the surface soil. The deeper portion of the taproot is
well branchedbut the branchesare relatively short.

OF ROOTSYSTEM
WEAVERAND HIMMEL: DEVELOPMENT

449

Fig. 7. Cosmosabout 60 days old. Those receiving daily light for only 6 hours are in
bloom. Two of the 7 plants from each container were cut
and placed in the jars for photographing.

The main roots of the larger plants were 3 mm. in diameter,and except
for the limited depth of soil would probably have extended to depths of
1.25 metersor more. The fine taprootsof the smallerplants were no larger
near their origin, than those of the larger ones at 80 cm. in depth. They
were scarcely75 cm. long. On the short-dayplants 10 to 12 laterals barely
1 mm. thick arose in the surface 10 cm. of soil. The longest extended only
24 cm. and most of them were much shorter. Many of the main laterals
were unbranched,others had branchesa cm. or less in length. The longday plants had approximatelythree times as many strong laterals, some
originating at 15 cm. depth. These had twice the diameterand three times
the number of laterals as those of the short-day. Moreover,the laterals
were 1 to 5 cm. long and frequently rebranched. Branches from the taproot were sparse and short below 35 cm. depth on the short-day plants.
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But on the larger plants even at 50 cm. depth they were fairly abundant
and somewere 10 cm. long. The larger taprootsbranchedthroughouttheir
length. The short, fine taproots of the smaller plants, the smaller number
and limited extent of the branches, and the smaller number of branch
orders all indicated an arresteddevelopmentwhich correspondedin general
with the lesser developmentof the tops.
Carbohydrate determinations
The preceding data show that in every case the development of the
absorbingsystem was clearly correlatedwith the transpiring surface. This
was true for the long-day plants, viz., clover, iris, and oats, which require
long days for successful floweringand fruiting, as wrellas for cosmos,ragweed, and dahlia which come into blossomnormally only when short days
occur. The sunflower,wrhichis not materially influencedin time of flowering by the length of day, at least in medium-highlatitudes, likewise showred
a clear correlationbetween developmentof root and shoot.
Where, as in this experiment,all conditionsexcept that of length of day
are favorable for growth, it would seem that development of both tops
and roots would be directly correlatedwith the rate of food manufacture.
This is clearly indicated by a series of measurementson the rate of carbohydrate manufacture in several of the species.
In these experiments,the photosyntheticactivity is based on total carbohydrate content and upon increase in carbohydratecontent of leaves after
insolation, this being measured as reducing sugars. The photosynthetic
activity w7asdetermined by the picric acid colorimetricmethod as modified by Long (10, II).1
Photosynthetic determinationswere made on the leaves of sunflower,
radish, and dahlia on June 13 and 15 ; of the ragweed on June 13, 15, and
26; and of the red clover on June 26 and 27. All except June 27 were
bright sunny days. Samples of the plants growing under long-day exposurewere securedat daylight, 9 : 00 A. M., 4 : 00 P. M., and sunset. Those
from plants under the short-daywere taken at 9 : 00 A. M. and 4 : 00 P. M.
In all instances, care was taken to secure samples from fully grown leaves
of approximatelythe same age, that were shaded as little as possible.
Table I gives the actual amount of sugar per square centimeterin each
sample,the relative amountsin the long- and short-dayplants at 4 :00 P. M.,
the increase in sugar content during the entire period of illumination,
and the actual and relative increases between 9:00 A. M. and 4:00 P. M.
for both sets of plants.
i These data are from "unpublishedwork by Miss Theodora Klose, to whom a
detailed outline of the method was furnished by Doctor Long.
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An examination of the table shows that on both June 13 and 15 the
daily rate of increase in sugar in the sunflowerwas considerablyhigher
in the long-day plants, and also that greater amounts of sugar per unit
area occurredin the plants having the longer illumination.
Photosynthetic tests of the radish show, as in the sunflower, a much
higher rate of daily increase in sugar content and also larger amounts
of sugar per sq. cm. The differencesare somewhatless on June 15, probably owing to differencesin the place of selecting samples or in environment, but the decreaseis consistent in the two species.
The red clover gave not only the greatest increase in photosynthateof
any of the plants tested but also the greatest differencesbetween the longand short-day plants. Table I shows a much higher rate of increase in
sugar content between 9 : 00 A. M. and 4: 00 P. M., as well as during the
entire period of illumination of the two lots of plants. The smaller
amounts of photosynthateon June 27 are due to the fact that this was a
cloudy day.
In contrastto the behaviorof the three preceding species, ragweed and
dahlia under long daily illumination gave no higher rates and, in fact,
often lower ones, than those under 7-hour daily periods of light. The
photosynthetictests on the ragweed on June 13 showed a slightly higher
rate of increasein the short-dayplants between9 : 00 A. M. and 4 : 00 P. M.
The total daily increase during the entire period of illumination is, however, the same. The actual amounts of sugar at 4 : 00 P. M. are greater
in the short-day plants than in those of the long-day. The tests on June
15 are essentially the same except that the total daily increase is greater
in the short-day plants instead of being equal in the two sets as on June
13. On June 26 the rate of increase between 9 : 00 A. M. and 4 : 00 P. M.
still remained higher in the short-day than in the long-day plants; contrary to the previous results, however,the total increase during the entire
period of illuminationof the long-day plants was greater than the increase
during the 7-hour period of illumination of the short-day plants. The
actual amountof sugar at 4 : 00 P. M., moreover,was greater in the former.
The short-dayplants were beginning to flowerwhich, no doubt, resulted in
rapid use of the photosynthateand perhaps accounts for the lower actual
amount of sugar in these plants at this time. The rate of increase remained higher throughoutin the short-dayplants.
As regards the dahlia, table I shows a slightly higher amount of sugar
at 4 : 00 P. M. in the leaves of the long-dayplants than in those of the shortday. The rate of increase,however,between9 : 00 A. M. and 4 : 00 P. M. is
the same in the two sets of plants. The increase during the 7-hour period
of light of the short-day is equal to the increase of the long-day plants
during their entire period of illumination.
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In interpreting these results it must be kept in mind that the rate of
increase in these tests representsthe balance between the process of photosynthesis on the one hand and those of respiration, translocation, and
growth on the other. Hence, the higher rate obtained under certain conditions is not necessarily due to a higher rate of manufactureof materials
under these conditions but may result in part from a slower rate of respiration, or removal, or growth.
Garner and Allard have found that there are different optimal light
periods for maximumvegetative growth, for sexual reproduction,and for
tuberization, each of which varies with the species. The photosynthetic
data given above seem to indicate that those plants, such as the radish and
clover, whose optimal light period for reproduction lies above 12 hours
(long-day plants) are more active photosyntheticallyor less active in removing or using the product under long-day illumination than under a
7-hour daily light exposure.
The growth data show that there was a rapidly increasing leaf area for
photosynthesisand increasedwater loss in the clover, radish, and sunflower
under long-day illumination. Notwithstandingthe rapidity of growth and
accompanyinghigh rate of respiration for the necessaryrelease of energy,
the leaves of these plants showed the highest rate of increase in carbohydrates under equal periods of illumination. In addition, the extra hours
of illumination resulted in an additional amount of food for increased
growth. The demands for an ever increasing supply of water to replace
that lost by transpiration, together with abundant materials for growth,
resulted in every case in a root system the extent of which correlatedwell
with the developmentof the tops. Under the short-day illumination less
food was manufactured,growth of tops was retarded, and the root system
was correspondinglyabbreviated.
It seems that the dahlia and ragweed when grown under a long daily
period of illumination, use the entire product of photosynthesis in promoting vegetative growth, the balance between the transpiring and absorbing system being well maintained. Under short-dayilluminationthe dahlia
accumulatesa much greater relative amount of material in its fleshy roots.
As pointed out by Garner and Allard (4), this accumulationobviously
indicates an excess of carbohydratesover current consumption. This surplus of carbohydratesis not due to increased photosynthetic activity but
rather to the inability of the plant to utilize the carbohydrate,whether it
be present in relatively large or small quantity. Since this portion of the
food is not utilized by the growing plant, the result is a decreased extent
of both root system and above-groundparts. The case of the ragweed is
not quite so clear. It is a well establishedphysiologicalfact, however,that
respiration is high during the period of anthesis and much of the photo-
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syntliate furnished by the meager leaf area was undoubtedly used in supplying energy for this process. This interpretation is in agreementwith
that of Garner and Allard (4) who conclude "that the duration of the
daily illuminationperiod not only influencesthe quantity of photosynthetic
material formed but also may determinethe use which the plant can make
of this material.' '
Nightingale (15a) has shown that radish, salvia, buckwheat,and soy
beanswere limited in the synthesis of nitrates to other forms of nitrogenby
a 7-hour day. Associatedwith relatively little assimilationof nitrates was
an accumulationof carbohydrateswithin these plants when they were subjected to short-dayillumination. Carbohydratesaccumulatedin the shortday plants, presumably because there was relatively little utilization of
them in the synthesis of nitrates to other forms of nitrogen.
Summary
The relative developmentof roots and tops of eight species of plants
grown under 7-hour and 15-hour daily illumination respectively, was determined. The plants were grown for about 7 weeks in soil in containers
30 x 30 x 80 cm. in size, which permittedof rather normalroot development.
Eed clover, radish, iris, and oats, all long-day plants as regards flowering, developedlarge tops and proportionatelyextensive root systems when
subjected to the 15-hour day. Under short-day illumination the growth
of both tops and roots was greatly retarded and approximatelyto the same
degree. Their development was similar to that of the long-day plants
when the latter were only 3.5 weeks old.
Sunflower,whose time of floweringis less modifiedby the length of day,
developedin a manner similar to the preceding species.
Dahlia, the great ragweed, and cosmosare short-day plants. They attained their greatest size and greatest root developmentunder the 15-hour
day. Under short-day illumination the dwarfed tops were furnished with
a correspondinglymeager absorbing system, although more food was accumulated in the short-day dahlia. Thus in all cases developmentof the
root systemswas in direct correlationwith the developmentof tops.
The effect of length of daily illumination upon photosyntheticactivity
showed that red clover, radish, and sunflower are either more active in
photosynthesisor less active in removing or using the product under longday illumination than they are under a 7-hour day. Great ragweed and
dahlia were found to be more or less equally active photosynthetically
under the two light periods, or less active in removalor use of the products
under short-dayillumination.
Department of Botany,
The University of Nebraska.
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